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Abstract
Purpose of the research: Neuropsychiatric Symptoms (NPSs) 

can negatively impact the survival and quality of life in Vascular 
Cognitive Impairment (VCI) patients. Physical Activity (PA) has been 
shown to reduce NPSs in dementia patients, possibly by influencing 
synaptic plasticity. This study investigates the relationship between 
NPSs, Default Mode Network (DMN), and PA in patients with VCI.

Methods: The study included 42 VCI patients. Functional Con-
nectivity (FC) within the DMN and neurobehavioral performance 
was assessed. NPSs were categorized. The severity of Hyperactivity 
and Behavioral Symptoms (HBS) was quantified using a Hyperactiv-
ity and Behavioral Composite Score (HBCS). Patients’ PA levels were 
measured using Fitbit Charge 2.

Principal results: After accounting for disease severity, increased 
FC between the left Posterior Cingulate Cortex (PCC) seed and the 
right inferior parietal gyrus was linked to more severe HBS. There 
was an inverse correlation between HBCS and average step counts 
per day (steps/d) as well as average distance per day (km/d). This 
suggests that higher levels of PA were associated with less severe 
HBS. HBCS was also inversely correlated with steps/d and km/d, re-
inforcing the idea that increased PA was linked to reduced symptom 
severity.

Major conclusions: The study concludes that increased FC with-
in the DMN is associated with more severe HBS in VCI patients. 
Greater levels of PA (measured by step counts and distance) were 
associated with a reduction in the severity of HBS. This suggests 
that FC within the DMN may play a role in the modulation of HBS 
by PA in VCI patients.

Keywords: Actigraphy; Brain network; Cognition; Functional 
connectivity; Neuropsychiatric symptoms; Physical activity

Abbreviations: ACS: Affective Composite Scores; AD: Alzheim-
er’s Disease; HBCS: Hyperactivity and Behavioral Composite Scores; 
HBS: Hyperactivity and Behavioral Symptoms; CDR: Clinical Demen-
tia Rating; CVVLT-10 min: free recall of number of items retrieved 
over four learning trials of a 9-word list 10 minutes after Chinese 
Version Verbal Learning Test (CVVLT); FC: Functional Connectiv-
ity; FDS: Forward Digital Span; FLAIR: Fluid-Attenuated-Inversion-
Recovery; IADL: Instrumental Activities of Daily Living; IPG: Inferior 
Parietal Gyrus; IQR: Interquartile Range; MoCA: Montreal Cognitive 
Assessment; MMSE: Mini-Mental State Examination; MNI: Mon-
treal Neurological Institute; MRI: Magnetic Resonance Imaging; 
rs-fMRI: Rest State Functional MRI; NPS: Neuropsychiatric Symp-
toms; PA: Physical Activity; PCC: Posterior Cingulate Cortex; PCS: 
Psychotic Composite Scores; PS: Psychotic Symptoms; PSD: Post-
Stroke Depression; ROCF-copy: Modified Rey-Osterrieth Complex 
Figure copy; ROCF-recall: Modified Rey-Osterrieth Complex Figure 
recall; TMB: Trail Making Test B; VCI: Vascular Cognitive Impair-
ment; VOSP: Visual Object and Space Perception; WATs: Wearable 
Activity Trackers
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Introduction

Vascular Cognitive Impairment (VCI) is indeed a broad term 
that encompasses a range of cognitive disorders resulting from 
Cerebrovascular Diseases (CVDs) [1,2]. These diseases can lead 
to reduced blood flow to the brain due to blockages or damage 
to blood vessels. This reduced blood flow can result in cognitive 
decline [1,2]. It encompasses various conditions, including indi-
viduals who exhibit both the pathological changes associated 
with Alzheimer's Disease (AD) (such as amyloid plaques and 
neurofibrillary tangles) and vascular diseases (related to blood 
vessel issues in the brain) [3]. 

Neuropsychiatric Aymptoms (NPSs) are a common and chal-
lenging aspect of various forms of cognitive decline, including 
VCI. These symptoms can have significant consequences for 
both the individuals with dementia and their caregivers. NPSs 
are associated with a more rapid cognitive decline in individuals 
with VCI [4]. This means that when these symptoms are present, 
the cognitive abilities of the person with VCI may deteriorate 
more quickly compared to those without such symptoms. This 
can make the management of the condition more challenging. 
Research has shown that the presence of NPSs in VCI can have 
a negative impact on survival [5]. Individuals who experience 
these symptoms may have a shorter lifespan compared to those 
without them. The reasons for this association are complex but 
could be related to factors like increased stress, physical health 
complications, and reduced quality of care. NPSs significantly 
worsen the quality of life for both individuals with VCI and their 
caregivers [6]. These symptoms can be distressing, disruptive, 
and challenging to manage. They may lead to social isolation, 
impaired daily functioning, and a decreased overall sense of 
well-being for the person with VCI. Caregivers also experience 
increased stress and burden when managing these symptoms. 
Some of the common NPSs that frequently occur in VCI include 
delusions, depression, aggression/agitation, disinhibition, apa-
thy, anxiety [7]. 

The idea behind clustering similar NPSs together is to im-
prove the effectiveness of studying their underlying causes 
(pathogenesis) and potential treatments [8]. This approach 
helps researchers and healthcare professionals gain a better un-
derstanding of how certain symptoms may be related and how 
they can be addressed collectively. Here are the clusters of NPSs 
that are commonly used in studies [9-11]: Affective Symptoms 
(AS), Hyperactivity and Behavioral Symptoms (HBS), and Psy-
chotic Symptoms (PS). 

AS includes symptoms related to mood and emotions. It typi-
cally encompasses conditions such as depression, anxiety, apa-
thy, and sometimes includes sleep or appetite disorders. HBS 
focuses on symptoms related to hyperactivity and behavior. It 
includes symptoms like agitation, disinhibition, irritability, and 
aberrant motor behavior. PS involves symptoms related to psy-
chosis, including hallucinations and delusions. Grouping them 
together allows for more targeted research and management 
strategies. 

Default Mode Network (DMN) is a network of brain regions 
that are active when an individual is not focused on the outside 
world and the brain is at rest, such as during daydreaming or 
self-reflection [12,13]. Dysfunctions in the DMN have been ob-
served in various neurological and psychiatric conditions. Func-
tional Connectivity (FC) refers to the strength of communication 
or interaction between different brain regions. Increased or de-
creased FC between specific brain regions can indicate abnor-

malities or dysfunctions in the brain's neural networks [12,13]. 
While there is existing research showing a connection between 
DMN dysfunctions and NPSs in AD, there is limited research on 
the same relationship in VCI [14,15]. Treatments that target 
neural synapses and brain networks are suggested to improve 
cognitive and NPSs in individuals with neurological disorders 
[16,17]. Understanding the relationship between NPSs and FC 
alterations in VCI is important because it could provide insights 
into potential interventions for managing NPSs in VCI patients. 
Such interventions may involve modifying neural synapses and 
brain networks to improve cognitive and behavioral symptoms 
in individuals with VCI, similar to approaches being explored in 
AD.

In patients with VCI, there is an increased FC of the Poste-
rior Cingulate Cortex (PCC) with various brain regions within the 
DMN, including the right inferior temporal gyrus, the left mid-
dle temporal gyrus, and the left superior parietal lobule [18]. 
This altered connectivity may be related to NPSs in VCI. Sev-
eral studies have explored the relationship between NPSs and 
FC in patients with a history of stroke [14,15]. For example, in 
patients with Post-Stroke Depression (PSD), the severity of de-
pression is positively correlated with the FC between the DMN 
and the salience network [14]. Another study shows decreased 
FC in the left Inferior Parietal Gyrus (IPG) and increased FC in 
the left superior frontal gyrus within the DMN in PSD patients 
[15]. Sub-acute ischemic stroke patients with PSD and/or anxi-
ety symptoms have been found to have increased FC in the left 
IPG and the left basal nuclei within the DMN when compared 
to stroke controls [19]. The relationship between increased FC 
within DMN and NPSs suggests that NPSs in patients with VCI 
are associated with increased FC within the DMN. This hypoth-
esis is based on the efficacy of antipsychotic [20,21] and antiepi-
leptic [22,23] drugs in managing NPSs, which may be related to 
modulating hyperactivity within brain networks like the DMN.

Increased Physical Activity (PA) would be associated with re-
duced NPSs in patients with VCI. This hypothesis is supported 
by the idea that PA has been found to have beneficial effects on 
NPSs in people with dementia, especially in community-dwell-
ing individuals [24]. Regular exercise can improve mood, reduce 
agitation, and enhance overall well-being [24]. When patients 
engage in PA, it can potentially lead to a reduction in NPSs, mak-
ing care giving less stressful and burdensome for family mem-
bers and caregivers [25]. PA may play a role in modulating the 
activity and connectivity within the DMN. 

PA can increase cerebral blood flow, which is important for 
maintaining brain health and function. Improved blood flow can 
potentially enhance the functioning of brain regions involved in 
the DMN. Regular PA is known to reduce oxidative stress, which 
can be harmful to brain cells. Reduced oxidative stress may help 
protect brain regions associated with the DMN from damage. 
PA has been linked to the promotion of neurogenesis and syn-
aptogenesis. These processes can contribute to the brain's abil-
ity to adapt and recover from damage, which may be relevant 
to DMN functioning [26].

To summarize, this study aims to investigate the relationship 
between NPSs, FC within the DMN, and PA in patients with VCI. 
The objectives of the present study were to: (1) perform a direct 
relationship analysis between the NPSs scores and the quan-
tified measures of PA; (2) investigate the relationships among 
scores of NPSs, measures of PA, and strength of FC within the 
DMN. Through these analyses, we explored the influence of PA 
on FC within the DMN and on NPSs in patients with VCI.
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Materials and Methods

Study Design and Subjects

The Institutional Review Committee on Human Research at 
Chang Gung Memorial Hospital granted approval for this study. 
We obtained informed consents from participants with a Clini-
cal Dementia Rating (CDR) score of 0.5 (n=36). For participants 
with a CDR score of 1.0 (n=6), their designated caregivers gave 
informed consent. Within a four-week window, we conducted 
cognitive tests and Magnetic Resonance Imaging (MRI). A to-
tal of forty-two VCI patients were recruited from the Neurology 
Department at Chang Gung Memorial Hospital. The VCI diag-
nosis was determined collectively by neurologists and neuro-
radiologists, adhering to the criteria set by the Diagnostic and 
Statistical Manual of Mental Disorders, Fourth Edition [27]. The 
causes could range from multiple or single territorial infarcts to 
small or strategic ones. The pathology might also encompass 
both neurodegenerative and cerebrovascular issues [28,29]. 
We excluded participants if they: (1) had significant systemic 
diseases, such as gastrointestinal, renal, hepatic, or respiratory 
issues, or (2) had other conditions or were on medication that 
might influence cognitive abilities. 

The criteria based on MRI results are as follows: There 
should be no signs of cortical or watershed infarcts, hemor-
rhages, hydrocephalus, or specific cause White Matter Lesions 
(WMLs) like multiple sclerosis. Additionally, there should be no 
atrophy in the hippocampal or entorhinal cortex, aligning with 
a zero score on Schelten’s medial temporal lobe atrophy scale 
[30]. The MRI might show multiple supratentorial subcortical 
small infarcts (measuring between 3–20 mm in diameter), or 
any extent of WMLs, or moderate to severe WMLs (with a Faze-
kas score of 2 or higher [31]). It might also display multiple or 
single territorial infarcts or small to strategic infarcts.

Neurobehavioral Assessments

Participants underwent a general cognitive assessment us-
ing the Montreal Cognitive Assessment (MoCA). Subsequently, 
these MoCA scores were translated into Mini-Mental State 
Examination (MMSE) scores [32]. For the assessment of de-
layed verbal memory, we employed the Chinese Version Ver-
bal Learning Test (CVVLT) [33]. This involved recalling a list of 9 
words after a 10-minute interval (termed CVVLT-10 min) over 
four learning trials [34]. Memory functions were gauged using 
both CVVLT-10 min [34] and the modified Rey-Osterrieth com-
plex figure recall (ROCF-recall) [35]. To measure visual-spatial 
capabilities, tools like the Visual Object and Space Perception 
(VOSP) [36] and the modified ROCF copy (ROCF-copy) [35] were 
utilized. The Forward Digital Span (FDS) [37] was implemented 
to test attention. Executive Function (EF) in participants was de-
termined using the corrected Trail Making Test B (TMB) as well 
as the TMB's time to completion (measured in seconds) [38]. 
Lastly, the independence of each participant was gauged using 
the Instrumental Activities of Daily Living (IADL) scores [39].

Patients' Neuropsychiatric Symptoms (NPSs) were assessed 
using the NPI-12 [9,11]. The NPI-12 scores determined the se-
verity of different symptom syndromes. The AS was represented 
by the Affective Composite Score (ACS), which combined scores 
from depression, anxiety, sleep, appetite, and apathy. The HBS 
was denoted by the Hyperactivity and Behavioral Composite 
Score (HBCS), aggregating scores from agitation/aggression, 
aberrant motor behavior, disinhibition, and irritability. Mean-
while, the severity of the PS was represented by the Psychotic 

Composite Score (PCS), derived from the combined scores of 
delusion and hallucination [9,11]. 

MRI Acquisition and Pre-processing

MRI scans for all participants were conducted using a Sie-
mens 3T scanner, with each session lasting approximately 20 
minutes. The T1-weighted imaging followed a 3D-MPRAGE pro-
tocol in a steady-state sequence featuring a 256×256 mm field 
of view, a 1-mm slice thickness, and a Repetition Time (TR)/
Echo Time (TE) set at 2600 ms/3.15 ms. This scan spanned 5 
minutes and 50 seconds.

For the Resting State Functional MRI (rs-fMRI), participants 
were advised to refrain from sleep deprivation, caffeine, and 
sedatives for eight hours prior to the scan. They were instructed 
to remain still, keep their eyes closed, stay awake, and avoid 
focusing on any specific thoughts during the procedure. Post-
scan, participants were questioned about potential sleep, anxi-
ety, or agitation incidents, with none reporting any issues. All 
patients had been on consistent medical treatment for a mini-
mum of three months to minimize any impact on FC. 

The rs-fMRI followed a protocol of TR=2500 ms/TE=27 ms 
with a voxel size of 3.4×3.4×3.4, taking 8 minutes and 27 sec-
onds. The CONN toolbox (http://www.nitrc.org/projects/conn) 
[40] was utilized for artifact removal in rs-fMRI. The average 
signal fluctuation of blood oxygen levels between scans should 
not exceed 1%. The framewise displacement should stay below 
0.25 mm/TR. Images underwent detrending and filtering within 
a 0.008 to 0.09 Hz range. The CONN toolbox also facilitated the 
regression of noise such as head movement, white matter sig-
nals, and cerebrospinal fluid signals from individual voxels. Our 
data preprocessing mirrored our past study's approach, incor-
porating slice time correction, realignment, segmentation, nor-
malization to Montreal Neurological Institute (MNI) standards, 
spatial smoothing with a 6 mm Gaussian Kernel, and resampling 
to 2×2×2mm3 [41,42]. 

For the assessment of WMLs and hemorrhages, both Fluid-
Attenuated-Inversion-Recovery (FLAIR) and T2*-weighted MRI 
sequences were captured. The FLAIR MRI sequence followed a 
protocol with TR=5000 ms/TE=393 ms and a 1 mm slice thick-
ness, lasting 4 minutes and 37 seconds. The T2*-weighted MRI 
sequence took 2 minutes.

Seed-based FC

The correlation coefficients between the PCC seeds and all 
notable clusters depict the voxel-wise FC for every PCC seed. 
For the ROI-centric functional connectivity analysis, the DMN 
was rooted in PCC seeds on both sides, characterized by two 10 
mm-radius spheres aligned with MNI coordinates (x=±2, y=-51, 
z=41) [43]. These PCC seeds have shown extensive connectivity 
with other PCC/precuneus regions and cortical zones [43]. The 
FC within brain structures rooted on each PCC seed underwent 
analysis [44]. 

The DMN's FC was linked to ACS, HBCS, and PCS, and this 
connectivity was further related to PA metrics. Employing multi-
ple regression analysis through the CONN toolbox [40], each PA 
measure was associated with FC spanning each network seed 
and voxels across the entire brain, rooted in the average resting-
state BOLD time sequence within individual correlation maps 
(http://www.nitrc.org/projects/conn) [40,45]. A significance 
bar was set with an uncorrected p-value threshold of <0.001 
at the peak level and a false discovery rate-adjusted p-value of 
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<0.05 at the cluster level, leveraging the second-level analysis 
of relative inter-regional functional covariance. All-brain cor-
relation maps underwent a conversion into z-score maps via a 
Fisher’s r-to-z transformation. Post determining the correlation 
between each NPS-CS and FC within brain networks, the FC be-
tween every seed and peak cluster was additionally extracted 
[40] for association with each PA metric.

The Activity Monitoring

Participants were provided with Fitbit Charge 2 devices 
(https://www.fitbit.com/au/charge2) and were guided on how 
to activate them and authorize data sharing. Fitbit Charge 2 is a 
GPS-equipped health band that facilitates phone-independent 
running and captures essential data such as steps taken, dis-
tance covered (in kilometers), and calories expended (https://
www.fitbit.com/au/one). Moreover, its associated app mainly 
serves as the control hub for Fitbit Charge 2, supporting ac-
count setup and Bluetooth connectivity. The walking data could 
seamlessly integrate with Smarttrack (https://www.fitbit.com/
au/smarttrack). This setup allowed the research team to view 
participants' live device data. When near the user’s Bluetooth-
enabled smartphone, the device autonomously sent activity 
information to Fitbit's servers. Previous studies have verified 
the accuracy and consistency of the Fitbit Charge 2 in recording 
steps, distance [46,47], and caloric burn [48]. This activity moni-
tor, produced by Fitbit, San Francisco, CA (https://www.fitbit.
com/au/home), was utilized to gauge Physical Activity (PA). It 
features a 3-axis accelerometer that identifies step thresholds 
based on movement patterns typically associated with walking. 
The device supports wireless auto-syncing with smartphones 
and offers a battery lifespan of around 14 days.

Participants were instructed to wear the devices continu-
ously for a minimum of 7 days. We collected PA metrics such as 
daily steps, distance, and calories for every participant. Prelimi-
nary checks were conducted to scrutinize data completeness, 
anomalies, and implausible values. 

We accumulated each PA metric over the 7 days, and then 
determined average PA values by dividing the total by seven. 
Initially, daily PA data (steps, distance in kilometers, and calo-
ries burned) was collated for each participant. Subsequently, 
we calculated average daily PA metrics (steps/day, km/day, 
calories/day) for each individual. Our subsequent analyses pri-
marily used these average daily PA values. Adherence to using 
the smartwatch was verified through the app's logs. Heart rates 
of participants were monitored at 5-minute intervals, with con-
tinuous heart rate graphs available on the app. If a participant 
displayed any non-adherence, evident from a recorded heart 
rate dropping to zero, they were asked to continue wearing the 
device for additional days to ensure a complete seven-day PA 
log.

Statistical Analyses

All results were presented as the mean ± standard devia-
tion. For data that didn't adhere to a normal distribution, they 
were displayed as median with the Interquartile Range (IQR). 
To examine the relationships between patient-level average PA 
metrics, each NPS Composite Score (CS), and the strength of FC 
within brain networks based on each PCC seed for all VCI pa-
tients, we employed Spearman’s correlation. Statistical analyses 
were performed using the SPSS software (version 18 for Win-
dows®, SPSS Inc., Chicago, IL), with a P-value<0.05 (two-tailed) 
deemed as statistically significant.

Results

Demographic Data

Forty-two patients diagnosed with VCI successfully finished 
the study (Table 1). Given that the education (in years), glyco-
hemoglobin (HbA1c) (%), MMSE score, NPI score, each NPSs CS, 
along with scores from CVVLT-10 min, ROCF-recall, FDS, TMB 
(corrected), TMB time to completion (in seconds), VOSP, ROCF-
copy, and IADL did not follow a normal distribution, these data 
points were subsequently presented as median (IQR) in Table 1.

The Relationship among Strength of FC within DMN, each 
NPSs CS, and load of PA

The DMN's FC showed a positive correlation with HBCS 
(P<0.05) but had no significant associations with the NPI score, 
ACS, or PCS (P>0.05). Due to HBCS's non-normal distribution, its 
relationship with the DMN's FC was assessed using Spearman’s 
correlation.

HBCS had a connection with the FC of the left PCC seed to 
the left frontal lobe (x=-18, y=-8, z=34; ρ=0.421; P=0.006), the 
right IPG (x=58, y=-36, z= 54; ρ=0.428; P=0.005), and the right 
pyramis (x=20, y=-64, z=-36; ρ=-0.328; P=0.036). After making 
adjustments for multiple comparisons, only the connections be-
tween the left PCC seed and the left frontal lobe (x=-18, y=-8, 
z=34; β=0.552; P<0.001) and the right IPG (x=58, y=-36, z=54; 
β=0.327; P=0.011) remained significant with HBCS. 
Table 1: Demographic data for patients with vascular cognitive impair-
ment.

Clinical and cognitive characteristics Mean±SD Median (IQR)

Age (years) 67.6±7.1

Education (years) 9.5±4.3 10.5(6-12)

Women/ Men 25/17

Glycohemoglobin (%) 6.4±1.3 5.9(5.7-6.7)

Total cholesterol (mg/dL) 188.1±41.2

Low-density lipoprotein (mg/dL) 109.8±35.1

Hypertension (yes/no) 16/26

MMSE 21.0±5.8 22.5(18-26)

Neuropsychiatric inventory 5.7±6.8 4(0-8)

Psychotic composite score 0.5±1.4 0(0-0)

Hyperactivity and behavioral composite 
score

1.1±2.7 0(0-0)

Affective composite score 4.0±5.5 3.5(0-4)

Memory scores

CVVLT-10 min 3.0±2.9 3(0-6)

ROCF-recall 3.9±4.2 3(0-6)

Attention and executive task scores

Forward Digital Span 7.1±1.5 7.5(6-8)

TMB (corrected) 10.6±4.6 14(7.25-14)

TMB time to completion (seconds) 83.5±40.9 99(51-120)

Visuospatial task scores

VOSP 6.3±3.2 7(4.3-9)

ROCF-copy 10.9±4.8 12(9.3-14)

IADL score 15.9±5.9 16(11-22)

Measures of physical activity

Steps (steps/d) 7463.4±4724.0

Distance (km/d) 4.9±3.1

Calories (calories/d) 1616.8±272.1
Continuous variables presented as mean ± Standard Deviation (SD). Non-para-
metric continuous variables were further expressed as median (IQR). CVVLT-10 
min, free recall after 10 minutes in Chinese version of the Verbal Learning Test; 
IADL: Instrumental Activities of Daily Living; IQR: Interquartile Range; MMSE: 
Mini-Mental State Examination; ROCF: Rey-Osterrieth Complex Figure; TMB: 
Trail Making Test B; VOSP: Visual Object and Space Perception.
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HBCS also demonstrated links with the FC of the right PCC 
seed to several regions including the left extra-nuclear white 
matter (x=-22, y=-34, z=20; ρ=0.341; P=0.029), left corpus cal-
losum (x=-14, y=30, z=12; ρ=0.440; P=0.004), SMA (x=0, y=14, 
z=64; ρ=-0.313; P=0.047), right IPG (x=58, y=-36, z=54; ρ=0.363; 
P=0.020), right supramarginal gyrus (x=40, y=-34, z=42; 
ρ=0.360; P=0.021), and right caudate (x=12, y=24, z=2; ρ=0.365; 
P=0.019). However, post multiple comparison adjustments, 
only its association with the left corpus callosum (x=-14, y=30, 
z=12; β=0.744; P<0.001) remained significant.

Upon multiple comparison adjustments, HBCS maintained 
its associations only with the FCs of the left PCC seed to the left 
frontal lobe and right IPG, and the right PCC seed to the left cor-
pus callosum (P<0.05). Among these FCs, only the connection 
between the left PCC seed and the right IPG related to steps/d 
(ρ=-0.492; P=0.001) and km/d (ρ=-0.491; P=0.001). The FCs of 
the left PCC seed to the left frontal lobe and the right PCC seed 
to the left corpus callosum didn't show significant relations with 
any PA metrics (P>0.05). No FCs within the DMN had an associa-
tion with calories/d (P>0.05).

The Relationship among FC within DMN, HBCS and load of 
PA

Many studies have linked BPSD or NPSs to the severity of 
the disease [49,50], and the MMSE score is commonly utilized 
to gauge the severity of dementia [51]. To account for the in-
fluence of disease severity, we conducted a partial correlation 
analysis, adjusting for the MMSE score. This adjustment aimed 
to isolate the impact of MMSE score on the relationship among 
FC, PA measures, and HBCS. Even after this adjustment, the 
FC between the left PCC seed and right IPG remained signifi-

cantly related to HBCS (ρ=0.656; P<0.001; Figure 1A), steps/d 
(ρ=-0.487; P=0.002; Figure 1B), and km/d (ρ=-0.486; P=0.002; 
Figure 1B). Concerning the relationship between HBCS and PA 
intensity, HBCS displayed an inverse correlation with steps/d 
(ρ=-0.320; P=0.044; Figure 1C) and km/d (ρ=-0.313; P=0.049; 
Figure 1C), after accounting for the MMSE score.

Discussion

Main Findings

The current study yielded three primary observations. Firstly, 
a higher HBCS directly correlated with augmented FC between 
the left PCC seed and the right IPG, areas generally implicated 
in the DMN, for VCI patients. Secondly, a boost in FC between 
the left PCC seed and the right IPG related to fewer steps/d and 
km/d, but it showed no relation to calories/d. Lastly, reduced 
PA in terms of steps/d and km/d corresponded to an elevated 
HBCS, indicating a heightened severity of HBS symptoms like 
agitation, disinhibition, irritability, and aberrant motor behav-
ior in VCI patients. However, there was no correlation between 
calories/d and HBCS.

The HBS and FC within the DMN Anchored on the PCC seed

The initial supposition of this research was that NPSs would 
correlate with enhanced FC within the DMN for VCI patients. 
Our findings indicated a direct relationship between the height-
ened FC of the left PCC seed with the right IPG in the DMN 
and an increased severity of HBS, gauged by the HBCS, in VCI 
patients. An earlier investigation into the connection between 
DMN connectivity and NPSs in preclinical AD participants found 
a direct link between a higher NPI score and increased me-
tabolism in the PCC [52]. Echoing these findings, our study also 
demonstrated that a higher HBCS correlated with augmented 
FC between the left PCC seed and the right IPG. 

The heightened FC within the DMN may play a role in the 
pharmacological approach to managing NPSs. Common treat-
ments for HBS like aggression and agitation include antipsychot-
ic [20,21] and antiepileptic medications [22,23]. These func-
tion by blocking dopamine receptors with antipsychotics [53] 
and reducing neuronal excitability with antiepileptics [54]. The 
pharmacological actions of these drugs hint that the underlying 
cause of severe HBS may be related to enhanced neural activity 
or FC. Supporting this notion, our study found a connection be-
tween a higher HBCS and elevated FC within the DMN centered 
on the left PCC seed.

A prior research highlighted a notable link between HBS and 
FC within the DMN for patients suffering from AD [55]. The 
study [55] indicated that more severe HBS were related to di-
minished FC within the DMN, specifically rooted in the left me-
dial prefrontal cortical seed. However, the HBS didn't show any 
association with the FC in the DMN when anchored on the PCC 
seed [55]. 

Our findings, which demonstrate a positive relationship be-
tween a higher severity of HBS and an increase in FC within the 
DMN, differ from the prior study [55] that found a negative cor-
relation between HBS severity and FC within the DMN. A po-
tential explanation for this discrepancy could be the variation 
in disease severity between the two studies. In the previous 
research [55], the average MMSE score for AD patients was 18, 
while in our VCI patient group, the average MMSE score was 21. 

Increased FC within the DMN in the initial stages of VCI 
[18,19] or AD [52] has been highlighted in earlier studies. Such 

Figure 1: After adjusting for the severity of the disease, (A) The 
HBCS demonstrated a correlation with FC within the DMN cen-
tered on the left PCC seed, as highlighted by the peak cluster in the 
green circle. (B) The FC within the DMN, centered on the left PCC 
seed and highlighted in the green circle from part (A), was found 
to correlate with the average daily step counts (shown in the left 
panel) and average daily distances in kilometers (shown in the right 
panel). (C) The HBCS showed a correlation with the average daily 
step counts (left panel) and average distances covered in kilome-
ters (right panel). DMN: Default Mode Network; FC: Functional 
Connectivity; HBCS: Hyperactivity and Behavioral Composite Score; 
PCC: Posterior Cingulate Cortex.
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amplification in FC might result from neural compensatory 
mechanisms, synaptic adaptability, and functional adjustments 
during the early phases of these conditions [52,56]. The more 
pronounced HBS or NPSs in the beginning stages of VCI might 
stem from this compensatory increase in FC within the DMN. 
Consequently, our findings indicate a relationship where a high-
er HBCS correlates with enhanced FC between the left PCC seed 
and the right IPG. As the disease progresses to its later stages, a 
decline in DMN activity is believed to have a growing influence 
on NPSs [55]. 

Increased PA, Decreased FC within DMN, and Decreased 
HBCS

Our study's secondary hypothesis postulated that an in-
crease in PA would influence FC within the DMN, given that PA 
has been tentatively linked to promoting synaptogenesis [26]. 
Numerous investigations have delved into the positive impacts 
of PA on cognition and/or NPSs in patients suffering from mixed 
or AD-type dementia [24,26,57,58]. However, the majority of 
these studies have not explored the link between PA, cognition, 
and/or NPSs specifically in VCI patients. In the context of AD 
patients, while some studies highlight the beneficial influence 
of PA on NPSs [58], others have found no significant effect of PA 
on certain NPSs, such as depression [59]. 

In our study, which centered on the relationship between PA 
and NPSs in VCI patients, we found that a rise in PA, as mea-
sured by steps/d and km/d, correlated with a reduced sever-
ity of HBS. This aligns with findings from a prior investigation 
[58]. The positive impacts of PA on synaptogenesis have been 
linked to the mechanisms that underlie its beneficial effects on 
NPSs [26]. It's believed that in the early stages of vascular or 
neurodegenerative conditions, there's a momentary boost in FC 
within the DMN. This surge is thought to be a result of neural 
compensatory recruitment, synaptic plasticity, and functional 
reorganization – all strategies the brain employs to recover 
from neuronal harm [52,56]. Consequently, the observed cor-
relation in our VCI patients between higher PA and reduced FC 
within the DMN suggests that the advantageous effects of PA 
on synaptogenesis [26] might be influencing the compensatory 
amplification of FC within the DMN caused by neural damage. 

Previous studies have shown that this amplified FC of the 
PCC within the DMN in the initial stages of VCI [18] or AD [52] is 
tied to a heightened severity of HBS or NPSs [19,56]. Building on 
this, our findings indicate that increased PA, specifically in terms 
of steps/d and km/d, is linked to a decrease in both FC within 
the DMN and the severity of HBS in VCI patients.

PA of Steps/d and Km/d Matters more than PA of Calories/d

A comprehensive cohort study of adults indicates that a 
higher number of daily steps and improved step performance 
might correlate with a reduced risk of developing dementia 
[60]. Two studies, one from Taiwan [61] and another from the 
U.S. [62], have established a connection between a greater 
number of steps daily and enhanced Executive Function (EF). 
Another study reveals that individuals with executive dysfunc-
tion-Mild Cognitive Impairment (MCI) tend to exhibit more se-
vere symptoms of agitation, disinhibition, and irritability than 
those with amnestic-MCI [63]. This implies a potential corre-
lation between diminished EF and heightened HBS. This asso-
ciation, particularly concerning agitation and disinhibition, is 
further substantiated by a study on Alzheimer's patients [64]. 
Furthermore, a review article underscores the relationship be-

tween compromised EF and increased HBS severity, especially 
concerning symptoms like agitation and disinhibition [65]. The 
disruption in the fronto-subcortical circuits is believed to be 
a pivotal factor driving the relationship between EF and HBS 
[65]. Given that increased daily steps have been linked to the 
enhancement of fronto-subcortical circuits [66], it's plausible 
that more steps per day could lead to decreased HBS severity 
by improving these circuits. In essence, since the functioning of 
fronto-subcortical circuits is crucial for both EF and HBS, opti-
mizing these circuits through increased daily steps could poten-
tially alleviate the severity of HBS.

Future Directions

PA has been linked to the promotion of synaptogenesis [26]. 
Its positive effects on HBS could be attributed to its role in en-
hancing the fronto-subcortical circuits [66], which are crucial in 
determining the severity of HBS in VCI [65]. This study further 
posits that PA's influence on the functional connectivity with-
in the DMN could be pivotal in understanding its relationship 
with HBS in VCI. Additionally, treatments like vascular risk fac-
tor modifications and the use of antipsychotics are essential for 
ameliorating HBS in VCI patients [67]. It's imperative for future 
studies to delve deeper into the interplay between PA, medica-
tion, brain network dynamics, and HBS in VCI patients.

Limitation

This study has several limitations. Firstly, individuals with 
moderate to severe dementia were not included. Future re-
search should explore the impact of quantified PA metrics on 
HBS in VCI patients at this stage of dementia. Secondly, a lon-
gitudinal approach is required to understand how increased PA 
affects the evolution of FC within the DMN and HBS over time. 
Thirdly, the limited sample size might introduce the risk of type 
I error or produce false positives. To validate our initial findings, 
a study with a larger sample size is crucial. Nevertheless, we 
applied multiple corrections in our correlation analyses, which 
could mitigate the risk of type I error.

Conclusions

In summary, our study revealed a connection between in-
creased daily physical activity (measured by steps and distance) 
and changes in functional connectivity within the DMN, as well 
as the severity of HBS in VCI patients. The FC within the DMN 
played a significant role in the observed association between 
reduced HBS severity and increased daily steps and distance. 

This research highlights the potential role of PA in mitigat-
ing neuropsychiatric symptoms in VCI patients and suggests a 
link between brain network connectivity and symptom severity. 
Further studies may explore the mechanisms underlying these 
relationships and consider interventions that promote physical 
activity to improve the quality of life for individuals with VCI.
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